XPS study of external α-radiolytic oxidation of UO2 in the presence of argon or hydrogen by Hansson, Niklas et al.
XPS study of external a-radiolytic oxidation of UO2 in the
presence of argon or hydrogen
Downloaded from: https://research.chalmers.se, 2021-08-31 12:08 UTC
Citation for the original published paper (version of record):
Hansson, N., Tam, E., Ekberg, C. et al (2021)
XPS study of external a-radiolytic oxidation of UO2 in the presence of argon or hydrogen
Journal of Nuclear Materials, 543
http://dx.doi.org/10.1016/j.jnucmat.2020.152604
N.B. When citing this work, cite the original published paper.
research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library
(article starts on next page)
Journal of Nuclear Materials 543 (2021) 152604 
Contents lists available at ScienceDirect 
Journal of Nuclear Materials 
journal homepage: www.elsevier.com/locate/jnucmat 
XPS study of external α-radiolytic oxidation of UO 2 in the presence of 
argon or hydrogen 
N.L. Hansson a , ∗, P.L. Tam b , C. Ekberg a , K. Spahiu a , c 
a Nuclear Chemistry / Industrial Materials Recycling, Chalmers University of Technology, SE-412 96, Gothenburg, Sweden, 
b Department of Industrial and Materials Science, Chalmers University of Technology, SE-412 96, Gothenburg, Sweden, 
c Swedish Nuclear Fuel and Waste Management Co., SE-101 24, Stockholm, Sweden 
a r t i c l e i n f o 
Article history: 
Received 30 June 2020 
Revised 28 August 2020 
Accepted 14 October 2020 







x-ray photoelectron spectroscopy 
a b s t r a c t 
UO 2 pellets exposed to 1.85 MBq and 3.30 MBq Am-241 sources with a 30 μm separation in solution 
were studied under Ar and H 2 atmospheres. The 1.85 MBq Am-241 source was shown to have a too 
low radiolytic production to cause any measurable change in UO 2 surface oxidation state. However, a 
significant oxidation was observed after exposure to the 3.30 MBq source under Ar atmosphere through 
the production of U(V), as seen from the U4f 7/2 -peak deconvolution and valence band peak analysis. The 
H 2 atmosphere was shown to suppress the oxidation of the UO 2 pellet surface as well as the dissolution 
in both Milli-Q and NaHCO 3 solutions. The dissolved uranium concentration was reduced by a factor 10 
under H 2 atmosphere as compared to the Ar atmosphere experiments. 
© 2020 The Authors. Published by Elsevier B.V. 














































The release of radiotoxic species from a final geological nuclear 
aste repository is governed by the oxidative dissolution of the 
O 2 -matrix in the case of a canister failure. At the depths of a fi-
al geological repository (~500 m), the conditions are oxygen free 
nd reducing [1] . In repositories built in granitic bedrock, as in 
he designs planned in Sweden, Canada and Finland, anoxic con- 
itions are further ensured by the redox chemistry of the copper 
anister as well as with the surrounding biotite, magnetite and or- 
anic matter [2,3] . The UO 2 fuel matrix is highly insoluble in the 
(IV) state, and the dissolution rate is therefore negligible under 
hese conditions [4] . The main mechanism of dissolution is there- 
ore through formation of locally oxidizing conditions near the fuel 
urface through water radiolysis. Even though water radiolysis pro- 
uces both reducing and oxidizing species which are both radicals 
H • , e −aq , HO 2 • , O 2 • , • OH) as well as molecular products (H 2 , H 2 O 2 )
5] , the redox conditions due to radiolysis are generally oxidizing at 
he immediate surface. This is due to the inertness of H 2 at tem- 
eratures close to room temperature [6] . The dominant oxidant of 
he UO 2 matrix under these conditions is H 2 O 2 [7] . The oxidation 
nd subsequent dissolution of the UO 2 matrix consequently leads 
o release of radiotoxic fission products and actinides, which are ∗ Corresponding author. 





022-3115/© 2020 The Authors. Published by Elsevier B.V. This is an open access article uo a large extent ( > 95%) contained in the UO 2 -matrix [8] . In the
noxic corrosion of the large iron inserts in the canister that oc- 
urs in contact with water, H 2 is produced. H 2 has been shown in 
everal studies to protect the UO 2 -surface of used fuel from oxida- 
ion, although the mechanism is not fully understood [9] . 
The kinetic activation of hydrogen can either occur at metallic 
-particles (Mo, Pd, Ru, Rh and Tc) or at surface-active UO 2 + x sites. 
everal studies indicate that the activation occurs on UO 2 + x sites 
hrough heterogeneous catalysis. In the work of King and Shoe- 
mith, the activation of hydrogen on the pre-reduced electrode sur- 
ace was delayed until oxidized U(IV)-U(V) sites were formed [9] . 
his was seen by an initial increase in the corrosion potential fol- 
owed by a significant decrease, resulting in a corrosion potential 
200 mV below the potential under Ar atmosphere. The decrease 
n corrosion potential indicates reduction of the oxidized U(IV)- 
(V) sites back to U(IV). 
Sunder et. al. studied the effect of alpha radiolysis on UO 2 - 
urfaces using 241 Am-sources in water at 100 °C [10] . The α-sources 
rradiated a 30 μm thin water layer between the α-source and the 
O 2 -surface, achieved by placing Pyrex glass fibers (d = 30 μm) in 
etween. The experiments were conducted for 100 h under N 2 or 
 2 atmospheres with Am-241 source strengths up to 14.8 MBq. 
he oxidation state of the surface was studied through X-ray pho- 
oelectron spectroscopy (XPS) measurements. The ratio U(VI)/U(IV) 
as determined through peak deconvolution of the U4f 7/2 -peak 
nto its U(VI) and U(IV) components [10] . It was shown that hydro- nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 





















































































































en suppressed the oxidation of the UO 2 -surface at 100 °C. It was 
lso noted that the surface became more reduced under hydrogen 
s the source strength was increased. However, the concentrations 
f dissolved uranium showed no discernable trend. This might be 
ue to the large uncertainties in their Bromo-PADAP measurement 
f uranium concentrations. It was suggested by the authors that 
ranium colloids are a potential source of error, which combined 
ith the large uncertainties in their concentration measurements 
ould explain that no trend was observed in the evolution of ura- 
ium concentrations. Under N 2 atmosphere, the UO 2 -surface oxi- 
ation state increased with increasing α-source strength. 
The positions of the U(IV) and U(VI) components of the XPS- 
pectra have been reported by a number of authors as approxi- 
ately 380 and 382 eV respectively [11-14] . Therefore, the 1.3 eV 
eparation between the U(IV) and U(VI) components used by Sun- 
er et. al. in their peak deconvolution in combination with a U(IV) 
osition of ~380 eV would result in an overall higher oxidation 
tate. As there was previously neither a pure U(V) reference com- 
ound nor conclusive studies that U(V) was a component in an ox- 
dized UO 2 -surface layer, U(V) was not included in the U4f 7/2 -peak 
econvolution process in many earlier studies [10,15,16] . In the 
ore recent works of Kvashnina et. al. and Leinders et. al. the oxi- 
ation states in uranium oxide compounds was studied using high 
nergy resolution fluorescence detection X-ray absorption near- 
dge structure spectroscopy (HERFD-XANES), showing that U(V) is 
 component in uranium oxides between UO 2 and UO 3 , namely: 
 4 O 9 , U 3 O 7 and U 3 O 8 [17,18] . The U(V)-component is therefore a
rucial inclusion in the XPS analysis and U4f 7/2 -peak deconvolu- 
ion of any oxidized UO 2 surface. The inclusion of the U(V) com- 
onent into the U4f 7/2- peak deconvolution process in the work of 
under et. al. would have yielded a lower oxidation state. This is 
ue to the close position of U(V) relative to the U(VI)-component, 
esulting from a rather low energy of the U(VI)-component in their 
ork. The U(V) component would therefore occupy a significant 
raction of the U(VI)-component envelope. This contributes to the 
ather large uncertainties in their UO 2 surface oxidation state mea- 
urements. 
In this study, 1.85 and 3.30 MBq 241 Am-sources were used to 
xpose a 30 μm layer of water between the sources and UO 2 - 
urfaces to α-radiolysis at room temperature. The experiments 
ere performed in both NaHCO 3 solution and Milli-Q water (18.2 
 Ω • cm) to study the effect of NaHCO 3 on dissolution of oxidized
O 2 + x . In the absence of NaHCO 3 , the oxidized uranium is retained 
n the surface to a greater extent, and the degree of surface oxi- 
ation can be analyzed. The UO 2 -samples exposed to the 
241 Am- 
ources in Milli-Q water were subsequently analyzed using XPS, 
hrough which the C1s, U4f, O1s and valence regions were ana- 
yzed. The uranium oxidation state was determined by deconvolu- 
ion of the U4f 7/2 -peak into its U(IV), U(V) and U(VI) components 
s well as through analysis of the positions of the U4f 7/2 and U4f 5/2 
eaks and their corresponding satellites [11] . Further analysis of 
he valence band region was also performed. 
. Materials and methods 
.1. UO 2 pellets and AmO 2 sources 
Slightly enriched UO 2 pellets consisting of 98.0% 
238 U and 
.0% 235 U were used in the experiments. Am-241 sources in the 
mericium-oxide chemical form (Eckert & Ziegler) with α-activities 
.85 and 3.30 MBq respectively were used. The sources are covered 
y a 2 μm layer of pure gold to fix the radionuclide in the Au-
atrix and prevent leakage. The dimensions of the AmO 2 -powder 
ompartment are Ø 15.5 × 0.4 mm. The sources are encapsulated 
n a SS AISI 304 frame exposing a cross-section Ø 11.5 mm. 2 .2. Experimental setup 
The surfaces of the pellets were polished using 600 & 2400 grit 
iC grinding paper prior to the experiments. The pellets were sub- 
equently cleaned in four washing steps consisting of 80 mL solu- 
ions with 50 mM NaHCO 3 (99.99 + % Aldrich) in the first washing 
tep, 10 mM NaHCO 3 in the second and third steps and 0 NaHCO 3 
M in the last step for 24 h in each washing step. Experiments 
ere performed in Milli-Q water (18.2 M • cm) and carbonate so- 
utions. All experiments were conducted under room temperature 
~298.15 K). The carbonate solution experiments were conducted in 
lass beakers with ~150 mL 10 mM NaHCO 3 solutions for 45 days 
nd the Milli-Q experiments were conducted in plastic tubes with 
45 mL water for 11 days. An additional experiment was conducted 
ith ~150 mL Milli-Q water for 45 days. The experimental setup 
or the experiments can be seen in Fig. 1 . The beakers and tubes 
ere placed inside stainless-steel autoclaves with a total internal 
olume of 450 mL (Parr Instruments Co., USA). In the NaHCO 3 - 
xperiments, a stainless-steel dip-tube was connected to the auto- 
lave lid which allowed for sample outtakes using the overpressure 
nside the autoclave. The original autoclave designs were modified 
rior to the experiments by replacing the NPT connections by VCR 
nes to make the autoclaves more leak tight, minimizing the hy- 
rogen leakage during the experiments. This was further achieved 
y using graphite gaskets, which deform as the autoclave is closed. 
he pellet washes and the experiments were conducted in an In- 
rt Technology Glovebox with p O2 ≤1 ppm. The pellets were trans- 
erred to the XPS using a transfer vessel which is compatible with 
he introduction chamber of the instrument. 
.3. Sample analysis 
The dissolved uranium concentration was measured by induc- 
ively coupled plasma mass spectrometry (ICP-MS) (Thermo Scien- 
ific iCAP Q). ICP-MS samples were prepared using 0.5 M HNO 3 
repared from Merck suprapur 65% HNO 3 and the ICP-MS calibra- 
ion was performed using 238 U standard in the range 0-50 ppb us- 
ng 10 ppb 232 Th as internal standard. The detection limit is ap- 
roximately 0.1 ppb for the analyzed elements. 
.4. XPS analysis 
A PHI50 0 0 VersaProbe III Microprobe XPS instrument was used 
n the surface measurements. The instrument is equipped with a 
onochromatic Al K- α x-ray source with energy 1486.6 eV [19] , 
s well as with a dual charge compensation utilizing an elec- 
ron neutralizer and an ion gun with negative and positive charge 
ompensations respectively. To avoid surface contamination and/or 
hemical alteration after the carbonate wash or radiation expo- 
ure, the treated pellets were mounted to the sample plate and 
laced in a vacuum transfer vessel while in the glove box before 
ransferred to XPS. The transfer vessel atmosphere is therefore the 
ame as the glovebox, Ar with p O2 ≤1 ppm. The binding energy 
cale was calibrated using the Au4f 7/2 , Ag3d 5/2 and Cu2p 3/2 posi- 
ions at 83.96 ±0.05, 368.21 ±0.05 and 932.63 ±0.05 eV respectively 
rom argon ion sputtered gold, silver and copper pieces [20] . Sur- 
ace composition was evaluated by a survey scan in the binding 
nergy range between 0 and 1400 eV with an energy step size 
f 1.0 eV. The chemical states of uranium and oxygen, as well as 
he electronic structure, were studied in the narrow scan spectrum 
f the U4f (375-405 eV), O1s (525-540 eV) and valence band (- 
-12 eV) regions with a step size of 0.1 eV. The spectrum was 
ligned with respect to the C1s signal at 284.8 eV stemming from 
dventitious carbon on the sample surfaces. The fitting routine of 
he peaks was performed using a 70% Gaussian-Lorentzian with a 
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Fig. 1. The UO 2 -pellet placed on top of the 
241 AmO 2 source with a separation of 30 μm achieved from Pyrex glass fibres. 
Table 1 
Characteristic features of the U(IV), U(V), U(VI) states and associated U4f 5/2 -satellite positions. 
Uranium oxidation state U4f 7/2 position (eV) [11,22,23] U4f 7/2 -FWHM (eV) [23,24] U4f 5/2 -satellite shift (eV) [11,23-25] 
U(IV) 380.0 ±0.2 1.8 ±0.3 6.9 ±0.2 
U(V) 380.8 ±0.3 1.8 ±0.3 8.5 ±0.3 

































Fig. 2. Uranium concentrations in a 10 mM NaHCO 3 solution as a function of time 
in the 3.30 MBq Am-241 source exposure experiments under Ar and H 2 atmo- 










hirley background. A UO 2 -sample was sputtered for 1 minute us- 
ng a 2.0 kV Ar + beam with current density of 0.222 μA/mm 2 to 
emove surface oxidation and was used to define characteristics of 
 pure U(IV) state for the subsequent analyses. This made it possi- 
le to identify the FWHM of the pure U(IV) component as well as 
o verify the Gaussian-Lorentzian distribution in the fitting proce- 
ure. Literature values of the positions of the U(IV), U(V) and U(VI) 
4f 7/2 -peak components as well as the U4f 5/2 -satellite can be seen 
n Table 1 . It should be noted that binding energy position anal- 
sis should be used with caution and always be combined with 
ther methods of spectrum analysis, such as peak deconvolution, 
atellite and valence band analysis. This is due to the fact that the 
inding energy scale is dependent on the charge correction, Fermi 
evel position and work function, the latter which is quite substrate 
ependent [21] . 
. Results and discussion 
.1. NaHCO 3 dissolution experiments 
Two UO 2 -pellets were exposed to the 3.30 MBq Am-241 source 
n a 10 mM NaHCO 3 -solution under Ar and H 2 atmospheres re- 
pectively for ~45 days. The measured uranium concentrations as a 
unction of time can be seen in Fig. 2 . The solubility of U(IV)(am)
s from the review of Neck and Kim [26] (accepted in the review 
f Ekberg and Brown [27] ). The dissolved uranium concentration 
as quite stagnant during the first 15-day period, after which it 
ncreased quite rapidly under Ar atmosphere. The Ar atmosphere 
amples were ultracentrifuged and showed no evidence of colloids 
eing present in the comparison with the non-ultracentrifuged 
amples. In the later stages of the experiment there were signif- 
cantly lower amounts of uranium released under H 2 atmosphere, 
howing that H 2 had an inhibiting effect on the oxidative disso- 
ution of uranium in the presence of carbonate. The solution vol- 
mes, duration and measured uranium concentrations at the end 
f the carbonate and Milli-Q experiments are shown in Table 2 . 3 .2. ICP-MS results 
Duplicate 11-days experiments under both 10 bar Ar and H 2 at- 
ospheres in Milli-Q water using the 1.85 and 3.30 MBq Am-241 
ources were conducted. The ICP-MS data from all experiments, 
ncluding those in carbonate solutions discussed in the previous 
ection are shown in Table 2 . The UO 2 -pellets that were exposed 
o the 1.85 MBq Am-241 source for 11 days under H 2 atmosphere 
ave dissolved uranium concentrations in the Milli-Q water below 
he detection limit of the ICP-MS measurement. The same was true 
or one of the two experiments of UO -pellets exposed to the 1.85 2 
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Table 2 
Concentrations, volumes and times of all the external irradiation experiments. 
A Am-241 [MBq] Atmosphere Volume [mL] NaHCO 3 [M] Time [d] U-238 concentration [M] 
1.85 H 2 , 10 bar 1 45.09 0 11 - 
† 
1.85 H 2 , 10 bar 2 44.06 0 11 - 
† 
1.85 Ar, 10 bar 1 45.15 0 11 - † 
1.85 Ar, 10 bar 2 42.73 0 11 5.09 • 10 −8 
3.30 H 2 , 10 bar 1 44.43 0 11 1.84 • 10 −8 
3.30 H 2 , 10 bar 2 43.34 0 11 3.53 • 10 −8 
3.30 Ar, 10 bar 1 43.45 0 11 2.29 • 10 −7 
3.30 Ar. 10 bar 2 43.64 0 11 3.19 • 10 −7 
3.30 Ar, 10 bar 153.01 0 45 1.26 • 10 −7 
3.30 H 2 , 10 bar 154.54 10 • 10 −3 47 3.42 • 10 −8 
3.30 Ar, 10 bar 153.93 10 • 10 −3 44 2.33 • 10 −7 

















































Fig. 3. Modelled α-dose-rate from the 3.30 MBq Am-241 source as a function of 

























Bq Am-241 source for 11 days under Ar atmosphere, while the 
ther pellet gave a dissolved concentration of 5.1 • 10 −8 M. The 11- 
ays Milli-Q experiments using the 3.30 MBq Am-241 source gave 
ranium concentrations that were higher than the correspond- 
ng concentrations in the carbonate experiments after roughly the 
ame time period under both Ar and H 2 atmospheres (samples 
ere taken at 13 & 14 days respectively, as shown in Fig. 2 ). This
ight be due to the significantly different solution volumes which 
ffect the dissolution kinetics. However, this is somewhat unex- 
ected, as the HCO 3 
− ion forms a strong soluble complex with 
(VI) [28] . Additionally, by dissolving the oxidized uranium the ox- 
dation product cannot block further oxidation of the surface [7] . 
n the other hand, the inclusion of HCO 3 
− would buffer the so- 
ution at pH ~8.34 (between pKa 1 = 6.35 and pKa 2 = 10.33) even at
ow concentrations. This buffering would prevent local acidifica- 
ion at the UO 2 -surface due to the anodic dissolution reaction and 
ould thereby possibly inhibit dissolution [29] . The same influence 
f HCO 3 
− was observed in the work of de Pablo et. al., where 
he dissolution rate of UO 2 was initially slower in the presence of 
CO 3 
− as compared to that in Milli-Q water [30] . This was sug- 
ested to be due to radical scavenging by the HCO 3 
− ion, thus re- 
ucing the radiolytic production of H 2 O 2 . This effect can however 
e hard to evaluate as HCO 3 • is also a strong oxidant. Nevertheless, 
n the later stages of the experiments in the work of de Pablo et. 
l., the dissolved uranium concentration was higher in HCO 3 
− so- 
ution, which corresponds well with the results found in this work 
30] . 
The inclusion of NaHCO 3 increased the final dissolved uranium 
oncentration by a factor two in the 45-days Ar atmosphere exper- 
ments. Additionally, comparing the 45-days Milli-Q Ar atmosphere 
xperiment to the 11-days experiment, the total dissolved uranium 
ontent was a factor two higher at the end of the long experiment. 
t the end of the 45-days Milli-Q Ar atmosphere experiment, a 10 
L sample of the autoclave solution was taken out of the glove 
ox and measured using a pH-electrode under air atmosphere. The 
easured pH was 6.9 ±0.5. The ionic strength of the sample was 
ery low, adding uncertainty to the measurement. The sample was 
itrated with low concentration HNO 3 and showed no buffer ca- 
acity, indicating that there was no carbonate content present in 
he sample solution due to the washing procedure. 
The experiments performed by Sunder et. al. were considerably 
horter (100 h) than the ones performed in this work and were 
lso performed under 100 °C [10] . This makes their results some- 
hat difficult to compare to the ones in this work. The uncertain- 
ies in the Bromo-PADAP concentration measurements of Sunder 
t. al. are considerable, but some trends can be discerned. Un- 
er N 2 atmosphere, the uranium concentrations increased with 
ncreasing source strength. However, no significant difference in 
issolved uranium concentrations under N 2 and H 2 atmospheres 
ould be seen. In this work, the H atmosphere significantly influ- 2 
U  
4 nced the dissolved uranium concentrations as compared to the Ar 
tmosphere experiments by an order of magnitude, roughly 10 −8 
 under H 2 , as compared to 10 
−7 M under Ar. The same was true
n both Milli-Q and NaHCO 3 -solutions. The dissolved uranium con- 
entrations in this work are in the same order of magnitude under 
 2 atmosphere as the ones obtained by Sunder et. al. at 100 °C after 
n exposure time of 100 h. However, the dissolved amounts under 
r atmosphere in this work are significantly higher, by an order of 
agnitude. 
.3. Radiolytic oxidant production 
Due to the lack of stopping power data for AmO 2 , as well as in
he uncertainty of the density of the AmO 2 -powder in the source, 
O 2 with 95% theoretical density is used as an approximation of 
he material. The ASTAR database combined with the CSDA ap- 
roach and a geometric calculation model was used, as described 
n a previous work by our group [31] . The dose rate in solution per-
endicular to the Am-241 source was calculated, where the attenu- 
tion in the 2 μm gold layer was taken into account. The gold layer 
ad quite a large influence on the escape energy of the α-particles. 
s can be seen from Fig. 3 , few α-particles have a range longer
han 30 μm, and the UO 2 -surface therefore receives a very small 
raction of the total dose. The Pyrex glass threads are assumed to 
bsorb less than 1% of the total dose and were not considered in 
he model. 
The irradiated volume between the Am-241 source and the 
O -surface is V = (11.5 mm/2) 2 • π • 0.03 mm = 3.12 mm 3 . Over2 irr 
N.L. Hansson, P.L. Tam, C. Ekberg et al. Journal of Nuclear Materials 543 (2021) 152604 














































Fig. 5. U4f-spectra of the UO 2 -pellets after the carbonate washing procedure, be- 


















n 11-day period, the total H 2 O 2 production in V irr exposed to the 
.30 MBq Am-241 source is 3.12 • 10 −5 mol/L. The total H 2 O 2 pro-
uction is modelled to find an approximate theoretical maximum 
issolution assuming that all H 2 O 2 causes oxidative dissolution of 
O 2 . A significant fraction of H 2 O 2 will undergo decomposition on 
he UO 2 surface and will therefore not oxidize the surface [32] , 
eaning that the theoretical maximum serves as a rough estima- 
ion of the total dissolved uranium concentration and is not a re- 
listic one. If an appreciable fraction of the the locally produced 
 2 O 2 causes oxidation of the UO 2 -matrix, the oxidative dissolu- 
ion of the UO 2 -matrix could produce locally more acidic condi- 
ions, enhancing the dissolution rate [29] . However, as the irradia- 
ion volume is considerably smaller than the total solution volume, 
iffusion will have a substantial effect on the chemical conditions 
lose to the UO 2 -surface. The modelling shows that the total dis- 
olved uranium amount is higher than the radiolytic production 
f H 2 O 2 , indicating that the dissolution behaviour is influenced by 
issolved oxygen or the presence of a pre-oxidized layer. 
.4. XPS-analysis 
.4.1. Ion-sputtered U(IV) state 
A UO 2 -pellet with low surface oxidation state was sputtered for 
 minute with the Ar + -beam to remove the surface contamina- 
ion and native oxide layer (see section 2.4 for further details). The 
4f spectrum of the sputtered UO 2 -surface can be seen in Fig. 4 .
oth the U4f 5/2 - and U4f 7/2 -peak positions after shifting the spec- 
ra with respect to the C1s-peak position at 284.8 eV are signifi- 
antly lower than literature values by approximately 0.5 eV [11,22] . 
he spin orbit splitting of 10.9 eV between the two peaks how- 
ver agrees very well with literature values [11,33] . This indicates 
 shift of the spectrum by 0.5 eV. The different U4f 7/2 -peak po- 
ition relative to the C1s-peak might be due to the dual charge 
ompensation mechanism of the VersaProbe III instrument which 
iffers from the compensation mechanisms of earlier models as 
ell from that of other instruments. A very similar systematic peak 
hift can be seen in the work of Van den Berge et. al. which was
lso believed to be due to charging correction procedures [25] . The 
ery distinct U4f 5/2 - and U4f 7/2 -satellites with a separation = 6.9 
V from their main peaks are indicative of a pure U(IV) oxidation 
tate. The pure U(IV) signal in the U4f 7/2 -envelope on the sputtered 
urface could be fitted well with a 70% Gaussian-Lorentzian, 1.7 eV 
WHM peak at a binding energy of 379.5 eV. This corresponds well 
ith FWHM literature values [24] . The value is however somewhat 
n the lower end, indicating a good resolution in the measurement 
34] . The same parameters and systematic shift of the spectrum 
re used in the fitting procedure of the peak deconvolution pro- 
ess throughout this work. 5 .4.2. 11-days exposure under Ar atmosphere 
The UO 2 -pellets were measured by XPS after the initial wash- 
ng process and were then subsequently exposed to the Am-241 
ources. This allowed for a direct measurement of the change in 
xidation state over the experiment. The initial U4f-spectra after 
he washing processes of the UO 2 -pellets before exposure to the 
.85 and 3.30 MBq Am-241 sources are shown in Fig. 5 a and Fig. 5 b
espectively. The U4f 7/2 -peak positions are higher in energy than 
he sputtered UO 2 pellet, indicating a remaining contribution of 
xidized uranium in the form of U(V) and/or U(VI) in the U4f 7/2 - 
eak envelope after the washing procedure, despite the rather long 
ashing durations. The satellite peak positions marked in the fig- 
res are approximate as their positions are affected by the contri- 
utions of U(IV), U(V) and U(VI) respectively. The more oxidation 
tates existing in the main peak, the more spread out the satellite 
ecomes. De Pablo et. al. studied the surface oxidation state of an 
nitially oxidized UO -powder as it was exposed to 10 mM carbon- 2 
N.L. Hansson, P.L. Tam, C. Ekberg et al. Journal of Nuclear Materials 543 (2021) 152604 
Fig. 6. U4f-spectra of the UO 2 -pellets after 11-days exposure to the 1.85 (a) and 






























Fig. 7. Deconvolution of the U4f 7/2 -peaks on the surface of the UO 2 -pellets exposed 







































te solutions and found that after a 400-day exposure, the surface 
xidation state was changed from UO 2.4 to UO 2.05 . This shows that 
he oxidation above the UO 2.33 -state, which would correspond to 
 surface with a U(VI)-component, is not required for the removal 
f oxidized uranium from the surface through carbonate complex- 
tion and dissolution of oxidized uranium [35] . It also shows that 
he complete dissolution of oxidized U(V) and U(VI) from a UO 2 + x 
urface using carbonate washes is a very slow process. The rather 
igh energy of the U4f 7/2 peak positions might therefore be due to 
nsufficient washing times or conditions in the glove box that were 
oo oxidizing (p O2 up to 1 ppm). It should be noted that carbon- 
te does not act as a redox agent in the washing process and the 
pparent reducing effect of the surface is purely due to complex- 
tion and dissolution of oxidized uranium. As the transfer vessel 
as equipped with an O-ring and is tailor made for the sample 
nlet, the pellet surface is unlikely to have been oxidized during 
ransfer to the XPS-instrument. 
After exposing the pellets to the 1.85 and 3.30 MBq sources for 
1 days in Milli-Q water under Ar atmosphere, the surfaces were 
nalyzed again, and the final U4f-spectra are shown in Fig. 6 . The 
ellet exposed to the 1.85 MBq Am-241 source has a significantly 
ower U4f 7/2 -peak position than in the initial state, a shift of 0.6 
V. This indicates that the 1.85 MBq Am-241 source is too weak to 
ompete with the dissolution of the pre-oxidized layer, resulting in 
lmost a pure U(IV) signal at the end of the exposure period. How- 
ver, the U4f 5/2 - and U4f 7/2 -satellites are not as distinct as on the
urface of the sputtered sample, indicating some influence of the 
(V) oxidation state. The U4f 7/2 -peak deconvolution process into 
ts U(IV), U(V) and U(VI) components as shown in Fig. 7 a yields an
quivalent oxidation state equal to UO . 2.07 
6 The U4f-spectrum of the pellet exposed to the 3.30 MBq Am- 
41 source ( Fig. 6 a) has a significant positive shift of the U4f 7/2 -
eak position. The peak deconvolution process shown in Fig. 7 b 
ields an equivalent oxidation state of UO 2.44 . The equivalent ox- 
dation state is not believed to correspond to a single phase, but 
ather to an oxidized UO 2 + x surface layer with a composition that 
robably varies with depth. The satellite positions in the spec- 
rum of the UO 2 pellet exposed to the 3.30 MBq Am-241 source 
hown in Fig. 6 b are somewhat approximate as the U4f 7/2 -satellite 
s close to the tail of the U4f 5/2 -peak and the U4f 5/2 -satellite is
ather broad. However, the satellites are within the 7.8-8.3 eV in- 
erval which is reported for the U(V) compounds in the review of 
lton & Bagus [11] and in the work of Gouder et. al. [23] . The cor-
esponding O1s peaks of the Ar atmosphere experiments have not 
ad a significant binding energy shift nor peak shape change in 
erms of FWHM. This is in agreement with the results of Santos et. 
l. where the lower applied potentials (up to -200 mV) resulted in 
n almost negligible O1s peak change [24] . 
.4.3. 45 days 3.30 MBq Am-241 source exposure under Ar 
tmosphere 
The 45-days exposure time under Ar atmosphere in Milli-Q wa- 
er using the 3.30 MBq source resulted in a discernable shift of the 
4f 7/2 -peak position, shown in Fig. 8 , as compared to the initial 
tate samples. The position of the U4f 7/2 -peak indicates a slightly 
ower extent of oxidation on the surface as compared to the 11-day 
xperiment. The U4f 5/2 -satellite is apparent, showing a position in 
ood agreement with U(V). 
The peak deconvolution of the U4f 7/2 -peak of the 45-days Ar 
xperiment can be seen in Fig. 9 below. The deconvolution yields a 
(V)/U(IV) ratio of 1.88 which is equivalent with UO 2.33 . This repre- 
ents a lower oxidation state than for the 11-days experiment. The 
ower oxidation state is unexpected as the longer exposure time 
hould allow for more radiolytic oxidation to occur. However, the 
olution volume is roughly a factor 3 larger as compared to the 
1-days experiment ( Table 2 ). The amount of H 2 O 2 causing oxida- 
ive dissolution as compared to that undergoing decomposition is 
 function of solution volume, carbonate concentration as well as 
urface oxidation state composition [36] . H 2 O 2 decomposition oc- 
urs at the UO 2 surface as well as in bulk solution, meaning that 
 larger solution volume would lead to a larger fraction H 2 O 2 de- 
omposing as compared to causing surface oxidation. The work of 
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Fig. 8. The U4f-spectrum of a UO 2 -pellet after 45-days exposure to the 3.30 MBq 
Am-241 source under Ar atmosphere. 
Fig. 9. Deconvolution of the U4f 7/2 -peak from a UO 2 -pellet after 45 days exposure 



















Fig. 10. U4f-spectra of the UO 2 -pellets after the carbonate washing procedure, be- 





























hu et. al. show that a mixed U(IV)/U(V) UO 2 surface is efficient at 
ausing decomposition of H 2 O 2 , suggesting that a reversible U(IV)- 
(V) redox reaction has a catalyzing effect on the surface decom- 
osition reaction [36] . Taking the volume into account, the total 
issolved amount of uranium at the end of the 45-days experi- 
ent was twice as high as in the 11-days experiment suggesting 
hat the longer exposure times caused an overall higher oxidative 
issolution of the UO 2 surface. 
.4.4. 11-days exposure under H 2 atmosphere 
The UO 2 -pellets were measured directly after the initial wash- 
ng process as well as after being exposed to the Am-241 sources 
nder H 2 atmosphere for 11-days. The initial U4f-spectrum after 
he washing process of the UO 2 -pellets is shown in Fig. 10 . Both
nitial U4f states correspond quite well with the previous reference 
tates. Both the peak positions and their corresponding satellites 
ndicate an almost pure U(IV) state. However, the slightly less clear 
atellite peaks as compared to the sputtered sample indicate an in- 
uence of U(V). 
The measured U4f-spectrum after exposure can be seen in 
ig. 11 . The spectrum is almost unchanged with respect to the ini- 7 ial state, with a small decrease in U4f 7/2 -peak energy position of 
he pellet exposed to the 1.85 MBq Am-241 source. The results 
ere replicated in a second experimental run with highly consis- 
ent results. It is likely that the long leaching periods allows for 
ome of the initially oxidized U(V) & U(VI) to be released into so- 
ution up to levels close to or below the detection limit, as in- 
icated by the ICP-MS measurements. The absence of change for 
oth U4f7/2-peak and satellite position in the 3.30 MBq exposure 
ndicate that the H 2 atmosphere has a suppressing effect on the 
adiolytic oxidation of the UO 2 surface. This is supported by the 
eduction in dissolved uranium concentration by an order of mag- 
itude at the end of the H 2 atmosphere experiment of 3.5 • 10 
−8 M
s compared to 3.2 • 10 −7 M under Ar atmosphere. 
In a study by Carbol et. al. where 10 wt% U-233 doped UO 2 was
tudied under H 2 atmosphere, a uranium concentration of ~9 • 10 
−12 
 were found at the end of the 328 days experiment [37] . This
ndicates a significant protective effect of the H 2 atmosphere, sup- 
ressing any radiolytic oxidation. This shows a much stronger pro- 
ective effect than the one observed in this work, where there were 
everal orders of magnitude higher dissolved uranium concentra- 
ions. 
.4.5. Valence band region 
The valence band region of the UO 2 pellets before and after ex- 
osure to the 1.85 & 3.30 MBq sources for 11 days under Ar and H 2 
tmospheres can be seen in Fig. 12 and Figure 13 respectively. The 
rea ratio between the O2p 3/2 and U5f states in the initial state 
s approximately ~1.0, as shown in Table 3 . All reported O2p 3/2 
nd U5f state area ratio values are after the Shirley background 
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Table 3 
U5f and O2p 3/2 peak positions and FWHMs from the XPS-measurements. 
Condition U5f position [eV] FWHM U5f [eV] O2p 3/2 position [eV] Area ratio (O2p 3/2 /U5f) 
Ion-sputtered 0.8 1.45 4.1 1.0 
Chemical washed 0.8 1.30 4.1 0.9 
Ar atmosphere 
1.85 MBq – 11 days 0.7 1.35 4.0 1.1 
3.30 MBq – 11 days 0.9 1.13 4.4 1.9 
3.30 MBq – 45 days 0.9 1.11 3.4 1.9 
H 2 atmosphere 
1.85 MBq – 11 days 0.5 1.45 3.9 1.0 
3.30 MBq – 11 days 0.8 1.40 4.5 0.8 
Fig. 11. U4f-spectra of the UO 2 -pellets after 11-days exposure to the 1.85 (a) and 


















Fig. 12. Valence band region of the pellets before and after exposure to the 1.85 
and 3.30 MBq Am-241 sources under Ar atmosphere. 
Fig. 13. Valence band region of the pellets exposed to the 1.85 and 3.30 MBq Am- 







ubtraction. In the final state under Ar atmosphere, the O2p 3/2 to 
5f state area ratios are 1.1 and 1.9 after exposure to the 1.85 and
.30 MBq sources respectively. This indicates an almost negligible 
hange in the O2p 3/2 and U5f electron structure after exposure to 
he 1.85 MBq source and a significant change in the electron distri- 
ution after exposure to the strong source. The more oxidized UO 2 
ellet therefore has less electrons in the U5f-orbital and/or more 
lectrons in the O2p-orbital. The U5f-FWHM of the pellet exposed 
o the 3.30 MBq source for 11 days under Ar atmosphere goes from 
n initial value of 1.28 eV to a final one of 1.13 eV. This agrees quite
ell with the U5f-FWHM of pure U 2 O 5 (i.e. pure U(V)) in the work 
f Gouder et. al. of 1.19 eV [23] , supporting the notion of a signifi-
ant U(V) component on the surface. The U5f-FWHM at the end of 
he 45-days experiment is very similar of 1.11 eV. 
In the exposure under H 2 atmosphere, the area ratios of O2p 
o U5f-states are quite consistent over the experiment as shown in 
ig. 13 , of about ~1.0. This indicates a negligible change in surface 
xidation state. This is supported by the consistent FWHM of the 8 5f-peaks in the initial and final states which are approximately 
1.4 eV. This is close to the FWHM of the U5f-peak on the sput- 
ered sample, of 1.45 eV. These values are in good agreement with 
he FWHM of the pure U(IV) 5f-peak in the work of Gouder et. 
l. of 1.46 eV [23] . The researchers state that the pure U(V) com- 
onent has a smaller U5f-FWHM and intensity than a mixture of 





























































































[  (IV) and U(VI). The results in their work indicate that the oxida- 
ion mechanism of UO 2 goes via a U(V) component and not di- 
ectly to the formation of U(VI). This has been reported in sev- 
ral other studies, however, these studies are primarily of SIMFUEL, 
hich contains RE(III), affecting the redox reactivity of the UO 2 
atrix [24,36,38] . The oxidation from U(IV) to U(V) is supported 
y the results in this work as a substantial U(V) component was 
ound in the U4f 7/2 -peak deconvolution process of the final state 
n the UO 2 -pellets exposed to the 3.30 MBq source for 11 and 45 
ays under Ar atmosphere ( Fig. 7 & Fig. 9 ). These states also had
ignificantly smaller U5f-FWHM and reduced intensities. The ratio 
etween the U5f state and the O2p valence band for all the oxi- 
ized surfaces are ~1.9, while in the initial state the ratio is close 
o 1. The summarized O2p and U5f state results from all experi- 
ents are shown in Table 3 . 
. Conclusion 
The H 2 atmosphere had a significant impact on the surface ox- 
dation of a UO 2 -pellet after exposing a 30 μm water layer adja- 
ent to the pellet surface to a 3.30 MBq Am-241 source. The H 2 
tmosphere also suppressed the oxidative dissolution of uranium, 
iving an order of magnitude lower measured uranium concentra- 
ions at the end of the 11- and 45-days experiments in Milli-Q and 
aHCO 3 -solutions as compared to under Ar atmosphere. Exposing 
he UO 2 -pellets to the 1.85 MBq Am-241 source caused no observ- 
ble surface oxidation under neither atmosphere as compared to 
he initial states. The exposure to this source gave a somewhat 
ower U4f 7/2 -peak position as compared to the initial states, sug- 
esting a more significant effect of dissolution of pre-oxidized ura- 
ium. However, the amount of dissolved uranium at the end of 
he 1.85 MBq source exposures is very low, or even below the 
etection limit of the ICP-MS measurement ( Table 2 ), suggesting 
hat very little surface oxidation occurs. The 3.30 MBq source re- 
ulted in a significant oxidation under Ar atmosphere in the form 
f a substantial U(V) component. This was also shown by the small 
WHM of the U5f-peak, indicative of a minor U(IV) and U(VI) con- 
ribution. The results support the claim that UO 2 does not oxidize 
irectly from U(IV) to U(VI), but through the formation of U(V), 
ithout having a simultaneous mixed U(IV) and U(VI) oxidation 
tate. 
The results of this work indicate that the much stronger influ- 
nce of hydrogen atmosphere on the pellet surface reduction noted 
n the work of Sunder et al. is partially due to thermally activated 
ydrogen, contributing to chemical reduction of U(VI) to U(IV) at 
00 °C [10] . Ekeroth et al. reported a slow reduction of U(VI) by 
issolved hydrogen at 74-100 °C [39] , while no reduction in bulk 
olution was observed in another work carried out at 70 °C [40] . 
n this work, carried out at room temperature, i.e. when dissolved 
ydrogen is expected to be chemically inert, the effect of dissolved 
ydrogen on preventing surface oxidation by alpha radiolysis is ap- 
arently a result of the interaction of ionizing radiation with water 
dsorbed on the surface of actinide oxides, the exact mechanism 
f which requires dedicated interfacial radiolysis studies. In this 
ase, in addition to standard radiolytic processes, energy, charge or 
atter can be transferred through the interface, while catalytic or 
teric effects can alter the decomposition or reactivity of adsorbed 
olecules. Similar studies claiming recombination of alpha radiol- 
sis products have been reported in the literature. The results of a 
adiolytic gas generation study on NpO 2 (s) doped with 0.7 % 
244 Cm 
n the presence of moisture (up to 8 wt% water), show that the 
as generation quickly reaches a steady state plateau at relatively 
ow total pressures [41] . The plateau is interpreted by the authors 
s clear evidence of a significant back reaction (i.e. the recombi- 
ation of the radiolytic products O 2 and H 2 to water), where the 
orward reaction (radiolytic decomposition of water) is equal to the 9 ack reaction; a behaviour noticed by the authors also in other ac- 
inide systems. Haschke et al. observed a pressure decrease in a 2:1 
D 2 + O 2 ) gas mixture over 239 PuO 2 (s) at 25 °C, which was inter-
reted as being caused by the catalytic formation of water on the 
urface of PuO 2 (s) [42] . The role of α-radiation in the interfacial 
rocesses involved in both these studies has not been discussed 
n the original publications, but its influence cannot be excluded 
43] . It is difficult from our tests to draw any conclusions about 
he mechanism of the recombination reactions between radiolytic 
xidants and hydrogen that we observe as absence of surface oxi- 
ation at room temperature, but it cannot be excluded that surface 
ediated processes contribute to the obtained results. 
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